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The primary approach to address climate change in China has been the use of CO2 intensity targets coupled with
targets for low carbon energy deployment. We evaluate the impact of extending similar targets through 2050 on
China's energy use profile and CO2 emissions trajectory using the China-in-Global Energy Model (C-GEM). The
C-GEM is a global computable equilibrium model that includes energy and economic data provided by China's
statistical agencies, calibration of savings, labor productivity, and capital productivity dynamics specific to
China's stage of development, and regional aggregation that resolves China's major trading partners. We analyze
the combined impact of extending CO2 intensity targets, implemented via a cap-and-trade program, and low
carbon energy policies (directives for nuclear power expansion and feed-in tariffs for wind, solar, and biomass
energy) through 2050. Althoughwith the policy, simulated CO2 emissions are around 43% lower in 2050 relative
to a reference (No Policy) counterfactual, China's CO2 emissions still increase by over 60% between 2010 and
2050. Curbing the rise in China's CO2 emissions will require fully implementing a CO2 price, which will need to
rise to levels higher than $25/ton in order to achieve China's stated goal of peaking CO2 emissions by 2030.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

China has emerged as the world's largest energy consumer and
source of greenhouse gas (GHG) emissions (Nicola, 2007; IEA, 2013).
Given the scale of China's economyand energy system, its energy trends
and climate policies will have a significant impact on global climate
change mitigation. Since the start of China's Eleventh Five-Year Plan
(2006–2010) policymakers have increasingly emphasized control of
the country's rising energy use and carbon dioxide (CO2) emissions.
Targets for energy intensity, non-fossil energy, and CO2 emission inten-
sity formed the core of China's climate policy during the present Twelfth
Five-Year Plan (2011–2015). Recognizing the importance of incentives
to support these targets, seven pilot emissions trading systems that
price CO2 are currently being established in provinces and cities across
China from 2013 and 2015 (Zhang et al., 2014).

The China-in-Global Energy Model (C-GEM) is a new tool to analyze
climate and energy polices in China. The model was developed by the
China Energy and Climate Project (CECP), a cooperative effort of the In-
stitute of Energy, Environment, and Economy at Tsinghua University,
and the Joint Program on the Science and Policy of Global Change at
the Massachusetts Institute of Technology (MIT). The primary goal of
the model is to simulate existing and proposed energy and climate

polices in China in order to analyze their impact on technology choices,
inter-fuel competition, the environment, and the economy within a
global context.

The C-GEM is a recursive dynamic global computable general
equilibrium (CGE) that links CO2 emissions to economic activity. The
C-GEM builds on other energy-economic models, such as theMIT Emis-
sions Prediction and Policy Analysis (EPPA) model (Paltsev et al., 2005)
by providing a platform tailored to evalaute outcomes in China. This is
achived by selecting sectoral and region aggregations most appropriate
for China, merging China's official data with a global dataset, and using
China-specific estimates of the costs of advanaced electricity generation
technologies.

In the C-GEM, policy acts primarily through changes in the relative
prices of goods as economic activities adjust to reflect a newequilibrium
that meets all policy constraints at least cost. Energy policies that can be
represented in a CGE framework range frommarket-based instruments
such as a carbon charge or tax on fuels to command-and-control policies
that directly constrain the quantity or efficiency of energy use, or re-
quire the application of specific energy technologies. Examples of policy
modeling efforts employing CGE models with structural similarities to
C-GEM—used independently or in connection with natural systems
models in integrated assessment studies—are numerous (Böhringer
and Löschel, 2006; Babiker et al., 2003, 2004; Böhringer et al., 2012;
Melillo et al., 2009).

Several other studies have developed CGE model to assess climate
and/or energy policies. We review these studies below and summarize
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model features in Appendix Table 1. As is evident from the large number
of studies included in this table, CGE models have been developed and
employed to examine a wide range of issues, such as distributional im-
pacts of climate policy under alternative allowance allocation schemes
(Rausch et al., 2010), dynamics of energy system transition (Böhringer
andRutherford, 2013), and the impact of policy on interactions between
fuels markets and labor markets (AlShehabi, 2013). Models vary in the
extent of regional disaggregation, representing single countries or re-
gions, or capturing regional or sub-regional detail within models of
the global economy. Only the Rausch et al. (2010), Brink et al. (2014)
and Capros et al. (2013) models include a Hotelling specification for re-
source exhaustion, while over half the models have some treatment of
backstop technologies.1

We contribute to this literature by developing and exercising a new
recursive-dynamic projection model with global coverage and special
attention to the representation of China. In addition to Hotelling re-
source depletion, region-specific representation of advanced technolo-
gies, and detailed in-country data for China, distinguishing features of
our model include the representation of structural changes expected
in the Chinese economy (to our knowledge, not incorporated in any of
the other models) as well as the calibration to 2010 observed data for
China, which is important given the rapid growth and sectoral shifts ex-
perienced in that country during the first decade of the 2000s. Specifi-
cally, the C-GEM was constructed using the eighth (latest available by
the paper submission date) release of the Global Trade Analysis Project
data set (GTAP8) (Narayanan et al., 2012), and data for the China are re-
placed with China's officially-released national input–output tables
(National Bureau of Statistics of China, 2009). The dynamic calibration
from 2007 to 2010 was adjusted to observations as closely as possible.
The C-GEMmodel has been applied in previous peer-reviewed studies,
including Qi et al. (2014a) and Qi et al. (2014c).

In the following four sections, we provide a description of the C-GEM
and utilize this framework to evaluate the impact of core mechanisms
enacted in China to reduce CO2 emissions. Section 2 describes the
framework, key assumptions and data sources underpinning the
C-GEM. Section 3 presents scenarios simulated using the C-GEM.
Section 4 presents the results, and Section 5 offers concluding remarks.

2. Modeling framework

Our analysis involves developing and employing the C-GEM, a
computable general equilibrium (CGE) model, to evaluate energy and
climate policies in China in a global setting. The C-GEM is a global
recursive-dynamic, multi-regional CGE model that captures both
economic activity and associated energy flows. C-GEM takes 2007 as
the base year, and the first period last from 2007 to 2010. After 2010,
C-GEM takes five years as one period and continues to 2050. Key
features of the model are discussed below. We provide a detailed
description of the C-GEM in Qi et al. (2014b)2.

2.1. Model regions and sectors

The C-GEMdistinguishes 19 geographic regions, as shown in Table 1.
An important feature of the regional aggregation is the representation
of China and major economies surrounding this country (Japan,
South Korea, Developed Asia, Developing South-East Asia, and
Rest of Asia). Elsewhere, the model identifies major developed and
developing economics (e.g., the US, the EU, India, Russia and Brazil) as
separate regions, while other economies are included in composite

regions (e.g., Australia–New Zealand, the Middle East, Africa and Latin
America).

Production within each region is comprised of 20 industrial sectors,
shown in Table 2. Important industries for analysis of climate andenergy
policies include energy sectors (coal, oil, natural gas, refined oil and elec-
tricity) and energy-intensive industries (non-metallicmineral products;
iron and steel; non-ferrous metals products; chemical, rubber and plas-
tic products; and fabricated metal products). Other sectors represented
in the model include three agricultural sectors, two service sectors,
and five other production sectors that capture manufacturing activities
not classified as energy intensive and non-fossil fuel mining.

2.2. Data

As amulti-regional CGEmodel, the C-GEM is based on a balanced so-
cial accounting matrix (SAM) for each region. A SAM is built on an
input–output table and represents the flows of economic transactions
between households and production sectors, and among production
sectors through the use of intermediate inputs. The model also includes
data that tracks (i) bilateral trade data among regions, (ii) the physical
quantity of carbon-based fuels produced or used by each sector, and
(iii) CO2 emissions from the combustion of fossil fuels (non-CO2 green-
house gases are not currently represented).

We source global bilateral trade data and, for all regions except
China, SAM data from Version 8 of the Global Trade Analysis Project
(GTAP) database (Narayanan et al., 2012). This database provides a rep-
resentation of the global economy in 2007. Energy physical data for all
regions outside China is also sourced from the GTAP database and
draws on the International Energy Agency's (IEA's) Extended Energy
Balances dataset (IEA, 2007). Version 8 of the GTAP database represents
129 regions and 52 industry sectors, which we map to the 19 regions
and 20 sectors listed in Tables 1 and 2.

To parameterize production in China, we use this nation's 2007 na-
tional input–output table produced by the National Bureau of
Statistics of China or NBS (2009). This input–output table represents
the structure of production for 135 industry sectors. There is an exact
mapping of these 135 sectors to the 20 sectors represented in the C-
GEM, except for the oil and natural gas sectors, which are grouped in
the same sector in China's national statistics. As the individual represen-
tation of oil and natural gas is important for energy policy assessment,
we separate this production into two sectors according to their value

1 For other CGE studies we refer the reader to Kitwiwattanachai et al. (2010), Bor and
Huang (2010), Asafu-Adjaye and Wianwiwat (2012), Jorgenson and Yun (2012), Adams
and Parmenter (2013), McKibbin and Wilcoxen (2013), Capros et al. (2013), Bao et al.
(2013), and Fujimori et al. (2014). Details of the CGE models employed in these analyses
are included in Appendix Table 1.

2 This paper builds on the description of the C-GEM in Qi et al. (2014b).

Table 1
Regions in the C-GEM.

Regions in the C-GEM Major economies in each region

Developed economies
United States (USA) United States
Canada (CAN) Canada
Japan (JPN) Japan
South Korea (KOR) South Korea
Developed Asia (DEA) Hong Kong, Taiwan, Singapore
Europe Union (EUR) EU-27 plus countries in the European Free Trade Area
Australia–New Zealand
(ANZ)

Australia, New Zealand and other South Pacific
territories

Developing economies
China (CHN) Mainland China
Developing South-East Asia
(SEA)

Indonesia, Malaysia, Philippines, Thailand, Vietnam,
Cambodia, Laos

Rest of Asia (ROA) Bangladesh, Sri Lanka, Pakistan, Mongolia
Mexico (MEX) Mexico
India (IND) India
Middle East (MES) Iran, Bahrain, Israel, Kuwait, Oman, Qatar, Saudi Arabia
South Africa (ZAF) South Africa
Rest of Africa (AFR) African countries not elsewhere classified
Russia (RUS) Russia
Rest of Eurasia (ROE) Croatia, Belarus, Ukraine, Armenia, Azerbaijan, Georgia,

Turkey, Kazakhstan
Brazil (BRA) Brazil
Latin America (LAM) Latin American countries not classified elsewhere
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shares in the GTAP database. Differences in the entries for China in the
GTAP and NBS national data sets are small. We use the NBS national
data because it includes adjustments made to the 2007 data during
the 2010 economic census, which were not included in earlier data
used in the development of the GTAP data set. After mapping the NBS
data to match the GTAP sector structure and verifying that no large de-
viations exist, the merger of the two datasets is straightforward.

Energy volume production and use data is sourced from China's
2007 Energy Balance Table and China's Industry Energy Consumption
Table (National Bureauof Statistics of China, 2008). These tables provide
information on intermediate and final energy consumption for 39 in-
dustrial sectors as well as for households in 2007. The energy data is
readily mapped to the sectors in the C-GEM except transportation,
which is grouped with “Storage, postal, and telecommunications ser-
vices” in China's official data. To disaggregate these data, we split total
energy for this sector in accordance with energy volume shares in the
GTAP database. To keep energy values and volume data consistent
with China's official statistics, we calibrate them using energy price in-
formation from the 2008 Price Year Book of China (China Price Year
Book Press, 2009). After merging the GTAP and China's national data,
we rebalance the global database using the least-squares approach
described by Rutherford (2010).

2.3. The static model

The core static model in the C-GEM captures a snapshot of relation-
ships among producers, consumers, government, and interactions
among regions through trade. These relationships are updated in each
time period, as described in Section 2.4. Equilibrium in each period in
the C-GEM is set up and solved as a mixed complementarity problem,
in which the equilibrium conditions are comprised of a system of
weak inequalities and complementary slackness conditions (between
equilibrium variables and equilibrium conditions).

The structure of the core static model in the C-GEM is derived from
the Walrasian general equilibrium theory formalized by Arrow and
Debreu (1954). The model involves producers that maximize profits
subject to prices and available technologies, consumers that own the
factors of production and maximize welfare subject to budget
constraints, and governments that collect taxes and spend revenue on
consumption and transfers to households. Under this framework,
three conditions define a perfectly competitive equilibrium: (i) output
prices equal the cost of all inputs so that profits are zero; (ii) supply
equals demand for each commodity and factor so that markets clear,
and (iii) the income of each agent is equal to her expenditure (income
balance).3 Detailed formulations of these conditions can be found in
Rutherford (2010).

2.3.1. Production and consumption
Production in each sector is represented by series of nested constant

elasticity of substitution (CES) functions in the C-GEM, where nesting
structures, input cost shares and elasticity values differ across sectors
(or groups of sectors) to reflect the characteristics of each industry.
The nesting structure for primary fossil fuels (coal, crude oil and gas)
and mining is shown in Fig. 1, and the production structure for all
other sectors except agricultural sectors, refined oil and electricity is
illustrated in Fig. 2. In production diagrams, σ is used to denote the
elasticity of substitution among inputs in a given nest. For primary fossil
fuels and mining, natural resources combine with non-resource inputs,
which allow production of each sector to be calibrated to a desired
supply elasticity following Rutherford (2002a).

Important features illustrated in the figures and common to all pro-
duction functions include substitution possibilities among energy

3 In some circumstances the zero profit and market clearance conditions will not hold.
Specifically, as the model is specified as a mixed complementarity problem, if unit costs
are greater than the price, the commodity in question will not be produced, and if supply
is greater than demand, the price of the associated good or factor will be zero.

Table 2
Descriptions of the 20 industry sectors in the C-GEM.

Type Sector Description

Agriculture Crops (CROP) Food and non-food crops
Forest (FORS) Managed forest land and logging activities
Livestock (LIVE) Animal husbandry and animal products

Energy sectors Coal (COAL) Mining of hard coal, lignite and peat
Oil (OIL) Extraction of crude oil
Gas (GAS) Extraction of natural gas
Petroleum (ROIL) Refined oil and petro-chemical products
Electricity (ELEC) Electricity generation, transmission and distribution

Energy-intensive industry Non-metallic minerals products (NMM) Cement, plaster, lime, gravel and concrete
Iron & steel (I&S) Manufacture and casting of iron and steel
Non-ferrous metals products (NFM) Production of copper, aluminum, zinc, lead, etc
Chemicals, rubbers and plastics (CRP) Chemical, rubber plastic products
Fabricated metal products (FMP) Metal products (except machinery and equipment)

Other production Food & tobacco (FOOD) Manufacture of food products and tobacco
Mining (MINE) Mining of metal ores, uranium, gems and quarrying
Construction (CNS) Construction of houses, factories, offices and roads
Equipment (EQUT) Machinery and equipment, including electronics
Other industries (OTHR) Industries not classified elsewhere

Services Transportation services (TRAN) Pipeline transport, and water, air and land transport
Other services (SERV) Communication, finance, public services, dwellings

Output

Natural Resources Other Input

Capital-Labor-Energy
Bundle

Int.
input1

Labor Capital

Res_OTH

I_EVA

Energy Aggregate
K_L

Value Added

ELEC Non-ELEC

COAL GAS OIL ROIL

E_KL

E_NE

NOE

Int.
input2

Int.
inputn

...

Fig. 1. The structure of primary fossil energy sectors (coal, oil and gas) and mining in the
C-GEM.
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inputs, as captured by the Non-ELEC and Energy Aggregate nests, and
between the Energy Aggregate and Value Added (capital and labor).
These features allow producers to respond to policies such as a carbon
price by substituting towards less-carbon intensive fuels and using
energy more efficiently by spending more on capital and labor.

Also common to most production functions, the Capital–Labor–
Energy bundle enters in a Leontief nest with non-energy inputs, as
shown in Figs. 1 and 2. The production structure for refined oil is similar
to that depicted in Fig. 2, with the exception that crude oil enters in a
Leontief nest with other intermediate inputs rather than in the Energy
Aggregate.

The production structure for agricultural sectors includes land inputs
and is shown in Fig. 3. This structure allows producers to tradeoff land
for energy and intermediate inputs and the land-intermediates bundle
for capital and labor. These substitution possibilities among land and
other inputs follow approaches used by Paltsev et al. (2005) and allow
yields to increase in response to rising land prices by using greater
quantities of inputs such as machinery and fertilizer.

The structure of the electricity sector is shown in Fig. 4. The top two
nests permit substitution among 13 generation technologies represent-
ed in the C-GEM. As listed in Table 3, these technologies are a mix of
conventional technologies, which operate at large scale in the base
year, and advanced technologies, which do not exist or do not operate
at large scale in the base year.

Conventional fossil generation technologies consist of a Leontief
combination of non-energy intermediate inputs and an energy–capital–
labor bundle. Fossil fuels such as coal, oil and gas enter as imperfect sub-
stitutes for each other to avoid one fuel from taking over the market
once its relative cost falls below that of its competitors.

As nuclear and hydro are not separately represented in the GTAP da-
tabase, we use additional information to describe the input–output
structure of hydro and nuclear power technologies. We parameterize
these technologies using information from reports by the International
Atomic Energy Agency (IAEA) and theNuclear Energy Agency of the Or-
ganization for Economic Co-operation and Development (OECD/NEA)
and the IEA (IAEA.,, 2008; OECD/NEA, 2010). The structure of the
nuclear and hydro CES functions is simplified to focus on fuel resources,
capital, labor and equipment as inputs to production.

Advanced generation technologies become available in later years
and begin production when their relative cost falls below the levelized
cost of incumbent generation types.4 With the exception of wind,
solar and biomass electricity, we treat advanced electric generation
technologies as perfect substitutes for existing technologies as shown

in the second level of the production nest. Reflecting the variability of
wind, solar and biomass generation, electricity from these sources is
treated as an imperfect substitute for other electricity. The structure of
advanced technologies is outlined in detail in Section 2.4.

Household consumption in the C-GEM is represented by a single
representative consumer in each region, as shown in Fig. 5. We use
consumption, excluding savings, as a consistent measure for welfare
accounting.5 Savings enters the current-period utility function to
proxy for the present value of future consumption. As the savings rate
in China is predicted to decline, we set this rate exogenously in
C-GEM, as described below.

In the consumption bundle, private transportation is separated from
other goods and services, as it accounts for a large share of direct energy
use by the household in many regions. Private transportation refers to
transportation services supplied to the household through the purchase
and operation of passenger vehicles. Inputs to the private transportation
sector draw from other industries (e.g., vehicle purchases), services
(e.g., maintenance and repairs), and refined oil sectors. Purchased
transportation – which is supplied by the transportation industry and
includes both short- and long-distance road, air, rail, and marine
modes – is included as a substitute for private vehicle transportation.
The elasticities employed in the production and utility functions based
on estimates from the MIT EPPA model and are reported in Table 4.

2.3.2. Emissions
In the C-GEM, CO2 emissions are computed by applying constant

emission factors to the fossil fuel energy flows of coal, refined oil and
natural gas entering production and final demand. Fuel-specific emis-
sions factors are sourced from IPCC (2006) and are assumed to remain
constant across regions and over time.6 As CO2 emissions per unit of
fuel use are constant in C-GEM, a reduction of emissions in production
sectors can only be achieved by reducing fuel use. In the current version
of theC-GEM, only fossil-fuel-related CO2 emissions are projected; how-
ever, the model framework could be readily extended to account for
other non-CO2 greenhouse gases.

2.3.3. International trade, government and investment
For all goods except crude oil, international trade in the C-GEM fol-

lows the Armington assumption (Armington, 1969). In this approach,
domestic production and aggregate imports are modeled as imperfect

Fig. 3. The structure of agricultural sectors in the C-GEM.

4 Advanced technologies that operate in the base year (e.g., wind electricity) are includ-
ed in the input–output component of our database. Production structures that specify ad-
vanced technologies allow these technologies to expand beyond the level observed in the
base year once they become cost competitive.

5 We use consumption measured as equivalent variation in constant 2007 USD as a
measure ofwelfare.We prefer tomeasurewelfare using only consumption rather than in-
come, as including savings inwelfare calculations results in double counting of the impact
through the savings channel (i.e., under an income measure of welfare, the impact of a
change in savings would be counted in the current period and, through changes in invest-
ment and ultimately the capital stock, in future periods).

6 This inventory specifies that tons of CO2 per exajoule (EJ) are 94.6 for coal, 73.3 for oil,
and 56.1 for natural gas.

Fig. 2. The structure of energy-intensive, services and other production (except mining)
sectors in the C-GEM.
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substitute for each other using a CES function, and aggregate imports
are a further CES nest of imports from each region. Elasticity parameters
for the Armington specification are sourced from the GTAP database.
Crude oil in the C-GEM is modeled as homogeneous good with a single
global price, following its treatment in the MIT EPPA model.

The government in the C-GEM is modeled as a passive entity that
collects tax revenue on intermediate inputs, outputs, and consumer ex-
penditure and transfers it to the household as a lump-sum payment.
Government expenditure is assumed to be part of final consumption
and is fully funded by households. Government consumption in the C-
GEM adopts the same nested CES structure as household consumption,
and the government maximizes its utility subject to revenues available.

Investment in the C-GEM is represented by a sector that produces an
aggregate investment good using inputs from different sectors which
sums to the level of aggregate investment. In each period, investment
equals savings and investment becomes available as new capital in the
next period.

The C-GEM is formulated and solved as a mixed complementarity
problem using the Mathematical Programming Subsystem for General
Equilibrium (MPSGE) described by Rutherford (1995) and the General-
ized Algebraic Modeling System (GAMS) mathematical modeling lan-
guage (Rosenthal, 2012)with the PATH solver (Dirkse and Ferris, 1995).

2.4. The dynamic model

The static foundation of the C-GEM is used to develop a recursive-
dynamic model that allows assessment of energy markets and policy
impacts through 2050. By solving themodel in each period sequentially
and then updating parameter values in the next period to reflect
dynamic trends, a recursive-dynamic model assumes that economic
agentsmake decisions based on information available in the current pe-
riod only (Dellink, 2005). The dynamic process of the C-GEM is mainly
driven by labor supply growth, capital accumulation, fossil fuel resource

depletion, autonomous energy efficiency improvements, and new ener-
gy technologies.

2.4.1. Labor supply, capital accumulation and resource depletion
The effective labor supply in the C-GEM is driven by changes in pop-

ulation and labor productivity in each region over time. The population
of each region in the C-GEM is specified as an exogenous long-term
trend based on estimates from United Nations (2012). In all regions ex-
cept China, the labor productivity growth rate is estimated by combin-
ing population numbers with the historical GDP growth rates and
future GDP projections from IMF (2012). For China's labor productivity
growth rate, we calibrate the 2010 value at 11% per year using observed
GDP per capita growth rates. Beyond 2010, guided by Chansomphou
and Ichihashi (2013), we assume that China's labor productivity growth
rate converges at a constant percentage rate to 2.5% by 2050. In the Ref-
erence scenario, labor productivity is determined endogenously tomeet
GDP targets. In the Policy scenarios, the same labor-augmenting shifts in
production parameters are applied, but the capital stock is endogenous,
which means that, to a degree, labor productivity is also endogenous in
the Policy scenarios.

The evolution of capital over time in the C-GEM includes both old
capital carried over from the previous period and new capital from in-
vestment. In all regions except China, we assume a depreciation rate
for capital of 5% per year. In China, we assume that the depreciation
rate converges in a linear fashion from 12% (Bai et al., 2006) to 6% by
2050. Additions to the capital stock in each period depend on the
share of income allocated to savings in the previous period. For China,
following recommendations by OECD (2013), we impose a saving rate
which falls from 48% in 2010 to 43% in 2020, 36% in 2030, 30% in
2040, and then remains constant through 2050.

All fossil fuel resources in the C-GEM are modeled as scarce re-
sources subject to Hotelling valuation (Hotelling, 1931) in which unit
production costs rise as resources are depleted. Fossil resources enter

Fig. 4. The structure of the electricity sector in the C-GEM.

Table 3
Electricity technologies in the C-GEM.

Existing
technologies

Advanced technologies

Coal Wind
Refined oil Solar
Gas Biomass
Nuclear Advanced nuclear
Hydro Natural gas combined cycle (NGCC)

Integrated gasification combined cycle (IGCC)
Natural gas combined cycle with carbon capture and storage
(NGCC–CCS)
Integrated gasification combined cycle with CCS (IGCC–CCS)

Fig. 5. The structure of final demand in the C-GEM.
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at the top level of the production structure as described in Section 3.2,
and trade off with a capital–labor–materials bundle. This substitution
reflects the need for more capital and other inputs to recover additional
fossil fuel resources as stocks are depleted. In each region and period,
available energy resources depend on the initial stock of resources and
depletion in the previous period. The substitution elasticity is estimated
based on the respective supply curve for each region using the proce-
dure described in Rutherford (1998). Over time, energy resources, Y,
in sector E and region R are subject to depletion based on annual phys-
ical production of fuel F in the previous period. The residual quantity of
the energy resource Ye,r,t available in period t in region r can be
expressed as:

Ye;r;t ¼ Ye;r;t−1−I " Fe;r;t−1 ð1Þ

where I is the time interval, typically five years in the C-GEM. This
specification captures the long-run information of resources prices.

2.4.2. Autonomous energy efficiency improvements
Observations of historical energy consumption, energy prices, and

income growth in industrialized economies have exhibited a trend of
energy efficiency improvement, even when energy prices are constant
or falling (Schmalensee et al., 1998; Webster et al., 2008). Following
the approach commonly used in energy-economic models, we capture
these trends using autonomous energy efficiency improvement (AEEI)

parameters. In developed regions, guided by Sue Wing and Eckaus
(2007), we assume an AEEI growth rate of 1% per year. Corresponding
parameters for developing regions are informed by Cao and Ho (2009)
and are 1.7% per year in China and 1.5% in other developing regions.
The improvements are applied to energy inputs into non-energy
sectors.

2.4.3. New technologies
The new suite of technologies, which has been referred to as a

general class of “Backstop Technology” (William, 1979), is used in the
C-GEM to represent energy supply technologies that are not yet com-
mercially available, andmay enter themarket if andwhen they become
cost-competitive with existing technologies. The cost of each new
technology depends on the equilibrium price of all inputs, which is en-
dogenously determined under the CGE framework. The current version
of C-GEM includes 11 backstop technologies: three technologies
produce perfect substitutes for conventional fossil fuels (crude oil
from shale oil, refined oil from biomass, and gas from coal gasification);
the remaining eight are electricity generation technologies. Electricity
generated from wind, solar and biomass is treated as an imperfect
substitute for other sources of electricity, given the intermittency of re-
source availability. The five remaining technologies, NGCC and NGCC
with CCS, IGCC and IGCC with CCS and advanced nuclear, all produce
perfect substitutes for conventional electricity output.

Table 4
Elasticities used in the C-GEM model.
Source: Based on estimates used in the MIT EPPA model (Paltsev et al., 2005).

Description Value Remarks

Production
σRes_OTH Resources and other inputs 0.6–0.7 0.6 for oil and gas, 0.7 for coal
σI_EVA Intermediate input and energy–capital–labor bundle 0 Applied in all sectors
σE_KL Energy and value-added bundle 0.1–0.5 0.1 for electricity, 0.3 for agriculture, 0.4 for energy industry, 0.5 for other industry
σE_NE Electricity and non-electricity input bundle 0.5 Applied in all sectors
σNOE Among non-electricity energy input 0.1–0.5 Different values applied across sectors
σK_L Capital and labor 1 Applied in all sectors
σRE Wind & solar and other electricity technologies 1 Applied in the electricity sector
σL_E Land and energy—other input 0.6 Applied in the agriculture sector
σO_VA Value-added and other input 0.7 Applied in the agriculture sector

Consumption
σCS Consumption and saving 1 Applied in all regions
σCE Commodities and energy consumption 0.25–0.5 Different values applied across time periods
σCT Transportation and other goods 0.5 Applied in all regions
σc Among non-energy goods 0.3–0.6 Different values applied across regions and time periods
σE Among energy goods 0.5 Applied in all regions
σTRN Among public and private transportation 0.5 Applied in all regions
σR_O Among fuels and other inputs 1 Applied in all regions
σE_S Equipment and service inputs 1 Applied in all regions

Trade
σDM Armington elasticity between domestic and import goods 1–3 1 for electricity, 3 for other commodities
σMM Armington elasticity of import goods among regions 0.5–6 0.5 for electricity, 6 for other commodities

Table 5
Relative prices of advanced electric power generation technologies assumed for China (cost of pulverized coal generation is normalized to 1.0).

Markup relative to pulverized coal generation1

Year Wind2 Solar PV3 Bioelectricity4 Natural gas with carbon capture and storage5 Integrated gasification combined cycle6

2010 1.3 2.5 1.8 2.35 1.55
2015 1.3 2.0 1.8 2.35 1.55
2020–2050 1.3 1.5 1.8 2.35 1.55
1 Note: The base cost of conventional power generation is assumed to be 0.4 yuan/KWh, the national average cost for producing coal-fired electricity.
2 Wind power costs are based on expert elicitation and refer to average wind electricity production costs (0.5–0.55 yuan/KWh).
3 Solar PV costs in 2010 (1.0–1.15 yuan/KWh) are based on estimates from NDRC (NDRC, 2011). These costs decrease in 2015 (to 0.8 yuan/KWh) and again in 2020 (0.6 yuan/kWh).

These reductions are based on the cost reduction targets issued by the Ministry of Industry and Information Technology (MIIT, 2012).
4 Biomass power costs (0.7 yuan/KWh) are based on expert elicitation.
5 NGCC–CCS costs (0.94 yuan/KWh) are based on literature estimates (Rubin and de Coninck, 2005) and expert elicitation.
6 IGCC–CCS costs (0.65 yuan/KWh) are based on literature estimates (Rubin and de Coninck, 2005) and expert elicitation.
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The formulation of the model as a mixed complementarity problem
(MCP) (Rutherford, 2002b) is an important feature of the model that
facilitates the representation of backstop technologies. In anMCP, equi-
librium conditions are comprised of a system of weak inequalities and
complementary slackness conditions between equilibrium variables
and equilibrium conditions (Manne, 1985; Paltsev et al., 2005):

A≤0; y≥0; y −Að Þ ¼ 0 The zero profit conditionð Þ ð2Þ

x≤y;p≥0;p % x−yð Þ ¼ 0 The market clearance conditionð Þ ð3Þ

Income ¼ endowmentþ tax The income balance conditionð Þ ð4Þ

where p is a nonzero price vector, y is nonnegative vector of activity
levels, x is demand, and A is profits. If profits for a production activity
are negative, as is the case for most backstop technologies in the
base year, the associated production level is zero. If profits are non-
negative, due to a change in economic and/or policy conditions, the
associated production activity for a backstop technology will be
positive.

Similar to production for other commodities, advanced technologies
are represented by nested CES production functions. A feature of
production functions for advanced technologies is that they include a

“technology-specific resource input,” which enters the top level of the
CES functions and represents costs associated with scaling up produc-
tion. In each period, the penetration of each advanced technology is in-
fluenced by the endowment of each technology-specific resource and
the elasticity of substitution between the technology-specific resource
and other inputs. For each backstop technology, the initial endowment
of the technology-specific resource and the elasticity of substitution
are assigned to reflect the amount of production that can occur when
the technology first operates at the base cost, and the price elasticity
of supply. In subsequent periods, the endowment of each technology-
specific factor is linked to production of that technology in the previous
period, somore production in the previous periods creates the potential
for higher penetration rates in subsequent periods. A detailed descrip-
tion of the mechanics and calibration of this approach is provided by
Morris et al. (2014).

To specify the production cost of these new technologies, we set
input shares for each technology for each region according to the
existing information from available sources on the cost of advanced
technologies, which include reports on demonstration-scale projects,
expert elicitations, and the database of Global Change Assessment
Model (GCAM) which reports detailed cost data for novel technologies
(Babiker et al., 2001; Paltsev et al., 2005; Electric Power Research
Institute, 2011). For China, we rely on the latest available data and
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Fig. 6. Primary energy projections for China (mtoe). Note: biomass primary energy includes energy from biofuel and biomass electricity.

Table 6
CO2 emissions, CO2 intensity, permit prices and welfare.

2010 2015 2020 2025 2030 2035 2040 2045 2050

CO2 emissions—China (mmt)
Reference 7382 9561 12,249 14,511 16,491 18,000 19,370 20,359 21,057
Policy 7382 8803 10,269 11,216 11,774 12,000 12,102 12,084 12,046

CO2 emissions—Rest of World (mmt)
Reference 22,118 23,538 24,963 26,946 29,132 31,323 33,361 35,421 37,350
Policy 22,118 23,565 25,020 27,042 29,269 31,502 33,586 35,684 37,651

CO2 intensity—China (mmt per billion USD)
Reference 1.57 1.43 1.30 1.19 1.08 0.98 0.89 0.80 0.71
Policy 1.57 1.31 1.10 0.93 0.78 0.66 0.56 0.48 0.41

CO2 permit price (2007$/t)
Policy – $7.4 $14.1 $19.0 $25.7 $32.9 $41.2 $49.6 $58.4

Welfare—China (percentage change in equivalent variation relative to the reference)
Policy – −0.0% −0.6% −0.8% −0.9% −1.2% −1.4% −1.5% −1.6%
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views based on expert elicitation of technology costs in China. We use a
“markup factor” to capture the cost multiple of the new technologies
relative to traditional technologies—markup factors for advanced tech-
nologies in China in future model periods are summarized in Table 5.
All input shares describing backstop technologies are multiplied by
this markup factor. Backstop technologies are assumed to be
technically feasible in all model years but the timing of market entry is
endogenously determined by their cost competitiveness relative to con-
ventional technologies, the costs of which change over time as a result
of market supply and demand dynamics (which is in turn a function
of fossil resource availability and cost of recovery) as well as policies
such as a CO2 price that penalize the cost of fossil fuels in proportion
to carbon content.

3. Scenarios

To illustrate the capability of the C-GEM for climate and energy
policy analysis, we report results from a “Reference” (No Policy)
scenario, which does not include any climate policies, and a “Policy”
scenario that captures the core mechanisms put forward to reduce
CO2 emissions in China. China now is piloting emissions trading
systems in seven provinces and cities and has announced plans to
establish a national carbon market. This market-based mechanism
will be designed to support achievement of CO2 intensity targets by
increasing the price of CO2 intensive activities in many industries.
The policies include domestic measures—specifically, CO2 intensity
(emissions divided by GDP) targets—extended through 2050 but at
a pace within the range of China's 2020 Copenhagen commitment
to decrease its CO2 intensity, and incentives to support low-carbon
energy technologies.

Under its Copenhagen commitment, China has pledged to reduce its
CO2 intensity by 40%–45% relative to the 2005 level by 2020. We model
this commitment by assuming that China reduces it CO2 intensity by
3.5% each year from 2010 to 2020, which results in a reduction in CO2

intensity of 44% between 2005 and 2020. Beyond 2020, we assume
China commits to reduce its CO2 intensity by progressively smaller pro-
portions each year, maintaining a 3% average annual reduction in CO2

intensity over the period 2020 to 2050. Under these assumptions,
China's CO2 intensity falls by 77.8% between 2005 and 2050. These in-
tensities are imposed in the model using a cap-and-trade system,
where the quantity of emissions permits is set (exogenously) to target
emissions intensities and the price of permits is derived endogenously
in the model.

Backstop technologies are available in both the Reference and Policy
scenarios. Each technology enters if it becomes cost competitive with
conventional technologies, either as a result of market dynamics or pol-
icy treatment. In this analysis, we use the model to simulate the impact
of policies on technology choices.

In addition, we simulate two support mechanisms for low-carbon
electricity in the Policy scenario. First, we impose the National Energy
Administration's target of 58 gigawatts (GW) of nuclear capacity by

2020 and rises to 350 GW by 2050. These targets are met in the Policy
scenario by endogenously adjusting the endowment of the nuclear-
specific factor of production, which is consistent with the government
granting more licenses for nuclear electricity.

Second, we represent feed-in tariffs7 for wind, solar and biomass
electricity outlined by China's National Development and Reform
Commission in the Policy scenario to accelerate their expansion. Feed-in
tariffs simulated in the Policy scenario are 0.55 CNY per kilowatt
hour (kWh) for wind; 0.8 and 0.6 CNY/kWh for solar in, respectively,
2015 and 2020 onward; and 0.75 CNY/kWh for biomass electricity.
These feed-tariffs are imposed in themodel using an endogenous subsidy
for each generation technology to fix their output prices at the guided
level.

For the other regions in the C-GEM, we have applied the same policy
assumptions as illustrated in the IEA's new Policy scenario (IEA, 2012).
We simulate government policies and measures that were enacted or
adopted bymid-2012 as well as any targets for renewable energy, ener-
gy efficiency, and national GHG emissions reduction included under the
2010 Cancun Agreements.

4. Results

Primary energy in the two scenarios is reported in Fig. 6 and emis-
sions results are presented in Table 6. Our discussion of results focuses
on the difference between the Reference and Policy scenarios, and the
features of C-GEM that influence these changes. First, from Fig. 6, we
find that without any emission mitigation policies, China's primary en-
ergy consumption in the Reference scenario grows rapidly before 2030
and most of the growth is driven by coal use, which increases from
1632 mtoe in 2010 to 4515 mtoe in 2050. The Hotelling assumption,
which captures how depletion of scarce fossil energy resources affects
their costs, increases coal production costs over time and thus helps to
slow down the growth rate of coal consumption after 2030, as shown
in Fig. 6.

Turning to primary energy in the Policy scenario, an increasing CO2

price introduced by an emissions trading system results in large reduc-
tions in total energy (to 4378 mtoe in 2050) and in the use of coal (to
2027 mtoe in 2050). Wind, solar, biomass electricity and biomass fuel
enter in both the Reference scenario and the Policy scenario, but as a re-
sult of the renewable subsidy and CO2 price they reach a significantly
larger scale under policy. The CO2 price increases the cost of
consuming fossil fuel, making the backstop technologies (renewables)
cost-competitive, which drives a decrease in fossil energy and an in-
crease in energy from backstop technologies (where primary energy
fromnon-combustible sources is calculated using the direct equivalence
method e.g., one million tons of oil equivalent, mtoe, of electricity from
wind electricity is considered as one mtoe of primary energy). There is
also a decrease in total primary energy consumption in the Policy sce-
nario, relative to the Reference scenario. This decrease is driven by
price-induced improvements in energy efficiency, which are controlled
by the elasticities of substitution between energy and capital–labor

7 The feed-in tariff policy is essentially a subsidy to renewable fuel produces that is
equal to the difference between the cost of each type of renewable electricity and the price
of conventional electricity.

Table 7
Changes in output in the policy scenario relative to the reference case (%).

Sector 2015 2020 2025 2030 2035 2040 2045 2050

Coal −9.7 −19.8 −27.6 −34.8 −40.7 −46.2 −50.2 −53.0
Oil −0.5 −1.5 −1.7 −1.7 −1.8 −1.8 −1.8 −1.8
Gas 18.9 31.5 34.8 40.8 44.9 47.6 44.5 36.8
Petroleum −2.1 −4.4 −5.7 −6.5 −7.3 −8.1 −8.9 −9.8
Electricity −2.5 −6.2 −9.1 −12.2 −14.9 −17.3 −19.5 −21.3
Agriculture 0.1 −0.5 −0.8 −0.9 −1.0 −1.1 −1.2 −1.3
Energy-int.
industries

−1.6 −3.9 −4.9 −5.7 −6.5 −7.2 −7.6 −7.8

Other
production

−0.4 −1.8 −2.4 −2.8 −3.3 −3.7 −4.0 −4.2

Services 0.0 −1.1 −1.7 −1.9 −2.3 −2.5 −2.7 −2.7

Table 8
CO2 prices and welfare change for alternative σE_KL values and AEEI growth rates in the
Policy scenario in 2050.

σE_K AEEI annual growth rate

0.375 0.5 0.625 1.4% 1.7% 2%

CO2 price (2007$/t) $68.3 $58.4 $50.4 $79.6 $58.4 $40.4
Welfare (% change) −2.1% −1.6% −1.2% −2.7% −1.6% −1.0%
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in production functions, and reduced demand for energy-intensive
commodities.

Table 6 presents emissions in China and the Rest of the World in
both scenarios, and the carbon price and welfare changes in the Policy
scenario in China. In the Policy scenario in 2050, CO2 emissions in
China are 42.5% lower than in the Reference scenario, which are due
to changes in the composition of primary energy and reduced energy
use, as noted above. The increase in energy prices due to the CO2 price
decreaseswelfare in the Policy scenario by 1.6% relative to theReference
case. 8

As a multi-regional CGE model, C-GEM captures the relationships
among inputs, outputs and interactions among regions through trade.
Increased energy costs influence economy-wide production through
inter-sectoral and other linkages. Table 7 presents proportional changes
in sectoral output in the Policy scenario relative to the Reference case,
where results for non-energy sectors are aggregated to the sectoral
groups outlined in Table 2 for presentational convenience. As shown
in Table 7, emissions-intensive sectors have the largest impact from
the CO2 price. The largest output decreases occur for the coal and elec-
tricity sectors, and moderate decreases are observed for petroleum
products and energy-intensive industries. Natural gas is the only sector
for which output increases, due to substitution away from coal and to-
wards gas. Output decreases between 1.3% and 4.2% are simulated for
other sectors.

The carbon price in China also affects emissions in other regions
via its impact on trade flows and fossil fuel prices. Specifically, in-
creases in the price of energy-intensive and other industries in
China increase net exports of these commodities in other regions,
and reduced demand for fossil fuels in China increase their use else-
where. Although the C-GEM calculates changes in emissions for 18
regions outside of China, we sum these estimates and report a “Rest
of World” aggregate in Table 6. In 2050, Emissions outside of China
increase by 300 mmt. This results in a leakage rate of 3.3%9, which
is defined as the increase in emissions elsewhere divided by the
decrease in emissions in China.

4.1. Sensitivity analysis

As results from CGE models can be sensitive to elasticity values, we
close by considering separate “high” and “low” cases for the elasticity
between energy and labor-capital bundle (σE_KL) and for the AEEI pa-
rameter in China. In the low elasticity case, σE_KL = 0.375 and in the
high case σE_KL = 0.625 (compared to σE_KL = 0.5 in the base case
used above). CO2 prices and welfare changes in 2050 for the alternative
elasticity cases under the Policy scenario are presented in Table 8. By de-
sign, results for the base casematch those in Table 6.10 As σE_KL controls
the scope for price-induced energy efficiency improvements, a lower
CO2 price is required to enforce the intensity target in the high case
($50.4/tCO2) than in the low case ($68.3/tCO2). Consequently, welfare

is positively related to σE_KL. In the AEEI sensitivity case, we consider
annual growth rates of 1.4% and 2% (compared to 1.7% in the base
cased). In the low AEEI growth case, the emissions price is higher
and the welfare cost of the policy nearly twice as large as in the
base case. Conversely, a higher AEEI growth rate reduces the carbon
price and lowers and the welfare cost. These results show the impor-
tance of considering alternative values for key parameter values in
climate policy analysis.

Moreover, to investigate the impact of the Hotelling specifications
for fossil energy resources in the C-GEM on modeling outcomes, we
double and halve elasticities of substitution between each fuel resource
and other inputs in fossil fuel production sectors. The simulation with
higher elasticities represents a case where themarginal cost of recover-
ing additional resources rises at a slower rate than in the base case,
while lower elasticities are consistentwith steepermarginal cost curves.
In the Reference scenario, cumulative fossil fuel consumption between
2010 and 2050 is 17% higher compared to the base case when elastici-
ties are doubled, and 25% lower when elasticities are reduced by 50%.
These results illustrate the importance of carefully selecting and consis-
tently applying appropriate elasticities across scenarios used to analyze
the effects of policy, given thehigh sensitivity of fossil energy demand to
the magnitude of the elasticities assumed.

5. Conclusions

Due to the size of China's economy and the high CO2 intensity of do-
mestic production, policy decisions in Chinawill have a significant effect
on climate change outcomes. We have developed and applied the C-
GEM, a global model of economic activity and energy supply, to investi-
gate the impact of climate policy in China over the long term. Themodel
provides a new tool to analyze climate and energy polices in China in a
global context.

The paper also illustrated the functionality of the C-GEM by evaluat-
ing the future impact of core policies to curtail CO2 emissions based on
existing policy commitments in China. These commitments include
China's Copenhagen pledge to reduce its CO2 intensity and incentives
for introducing low-carbon electricity technologies. Through the study
we find that an emissions trading system is indeed an effective instru-
ment for China's emissions mitigation in a long term, as coal consump-
tion is well controlled by the high cost of CO2 emissions. We find that
extending similar measures will reduce China's CO2 emissions in 2050
by around 43% relative to a No Policy baseline. In themeantime, the car-
bon price in China would cause increases in emissions in other regions
via its impact on international trade. Due to its size and CO2-intensive
fuel mix, a low carbon transition in China will have important implica-
tions for global energy markets. The C-GEM is able to capture these ef-
fects, and provides a basis for assessing how policy actions in China
and elsewhere could contribute to global climate change mitigation in
the post-2020 time frame.
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